1 0 1 6 VOLUME 42 | NUMBER 11 | NOVEMBER 2010 Nature GeNetics l e t t e r s raw sequence) were generated per affected individual and mapped (hg18) using the Burrows-Wheeler Alignment tool (BWA) (Fig. 2c and ref. 3). Fifty to sixty percent of sequence reads were on target, and the average depth of target coverage was ×230 and ×224, with 88% and 90% of bases covered by ≥10 reads.
Single nucleotide variants, microinsertions and microdeletions were called and filtered for quality and mapping confidence 4 , revealing >2,000 potential sequence variants from each proband ( Table 1) .
Comparison of SNP calls with Affymetrix 5.0 genotype data showed >99.8% concordance. Variants were filtered out if they were present in dbSNP130 (ref. 4) or the 1000 Genomes Project (see URLs) and categorized by their predicted functional effects using the Genomic Mutation Consequence Calculator (GMCC). Of 2,310 variants in LIS-903, 262 (11%) were not in dbSNP130 or the 1000 Genomes Project, 93 were potentially pathogenic (4.0%) and 5 met both criteria. Of 2,570 variants in LIS-2602, 323 (12%) were absent from dbSNP and the 1000 Genomes Project, 99 (3.8%) were potentially pathogenic and 7 variants met both criteria. A single gene, WDR62, showed new, pathogenic mutations in both families, making it a strong candidate ( Table 1) .
Sanger sequencing confirmed WDR62 mutations in the two families and identified four additional alleles in four other families (Fig. 3a,b and Supplementary Fig. 3) . A homozygous single-basepair insertion in exon 30 (c.3936_3937insC) in LIS-2602 produced a frameshift mutation (Fig. 3b) . All three affected individuals in family LIS-900 showed a homozygous single-basepair deletion in exon 4 (c.363delT), creating a frameshift mutation (Fig. 3b) . Pedigree analysis confirmed appropriate segregation of WDR62 mutations in both families (Fig. 3b) . In LIS-2500, the affected individual showed a homozygous mutation one basepair downstream of exon 8 (c.1043+1G>A) disrupting the highly conserved GT consensus splicing sequence ( Fig. 3a and  Supplementary Fig. 3 ). In MC-1400, the affected child was homozygous for a 4-bp deletion after exon 23 (c.2867+4_c2867+7delGGTG) ( Fig. 3a and Supplementary Fig. 3 ) that removes the conserved +4 and +5 positions of the intron and is predicted to disrupt the splice donor 5 (reference …CAG|gtgggtgtc…; mutation …CAG|gtg-tc…). In MC-1600, the affected child was homozygous for a 17-bp deletion in the thirtieth exon (c.3839_3855delGCCAAGAGCCTGCCCTG), causing a frame shift ( Fig. 3a and Supplementary Fig. 3 ). In PH-16900, all three siblings with microcephaly were homozygous for a missense p.Val65Met change (c.193G>A; Fig. 3a and Supplementary Fig. 3 ) that alters a residue conserved in all vertebrates ( Supplementary  Fig. 4 ). An unaffected sibling (PH-16907, with mild speech delay and articulation difficulties but with normal head circumference and normal MRI) was homozygous for the wild-type allele ( Supplementary  Fig. 3 ). Two additional unaffected siblings were homozygous and heterozygous, respectively, for the wild-type allele (not shown). None of these mutations were found in sequencing of 508 unaffected control individuals.
WDR62 encodes a 1,523 amino acid protein with multiple WD40 repeats (Fig. 3a) 6 , but little is known about its function. A proteomic study identified WDR62 as a binding partner of the centrosomal protein CEP170 7 , which is of interest given the involvement of other centrosomal proteins in microcephaly [8] [9] [10] [11] [12] [13] [14] . Another report 15 .
In situ hybridization with a probe to mouse Wdr62 showed widespread expression in the developing brain at embryonic day (E) 14.5 ( Fig. 4a) , with the highest expression occurring in the forebrain. Expression was seen in the ventricular zone and the cortical plate (Fig. 4b) , consistent with roles in progenitor cells and postmitotic neurons. WDR62 demonstrates notable cell cycle-dependent localization. Immunofluorescence staining of endogenous WDR62 in HeLa cells with an anti-WDR62 antibody revealed punctate, perinuclear expression during interphase, suggesting localization to the Golgi apparatus, which was confirmed by GM130 immunoreactivity (Fig. 4c,d ). In contrast, in HeLa or HEK cells in M phase, WDR62 is found at the spindle poles, as demonstrated by double labeling with γ-tubulin and dynein (Fig. 4e,f) . Close inspection of recombinant HA-tagged WDR62 protein demonstrated subcellular localization closely matching that of CEP170 ( Fig. 4g ) and surrounding LIS1 (Fig. 4h) , a pattern similar to that previously demonstrated for ASPM 16, 17 and other microcephaly proteins 12, 13, 18, 19 . A recent study 20 described mutations in WDR62 associated with brain malformations and reported nuclear localization of WDR62 in cortical progenitor cells. Although we cannot rule out nuclear localization in some cells, our data, as well as previously published data 7 suggest a major centrosomal role.
Postmortem analysis of LIS-2601, an affected sibling in the LIS-2600 family 1 , suggests roles for WDR62 in neuronal proliferation and migration. The 27-week fetus showed a small cranial cavity enclosing a profoundly small brain (weighing 50 g, compared to a normal weight of 127 g ± 20 g for this age and size fetus). The surface of the hemispheres was largely smooth (data not shown) with poorly defined Sylvian fissures and few sulci 1 . The cerebellum appeared remarkably preserved (data not shown), whereas the cerebral cortex was severely abnormal (Fig. 5a-g ). The outermost cortical layer (layer I) appeared generally normal but the remaining cortical neuronal layers were thinner than normal (Fig. 5b,c) . There was an almost complete lack of small-to medium-sized pyramidal neurons in their normal location (layers II and III), suggesting profoundly defective neurogenesis. Neurons located beneath layer I were primarily medium to large pyramidal neurons, followed by a cell-sparse zone and a third layer of multipolar neurons at the deepest layer of the cortex, an appearance consistent with layers V and VI, respectively (Fig. 5c,d) . Neurons in the medium to large pyramidal layer retained an immature radial columnar organization and also exhibited abnormal, nonradial clumping (Fig. 5d) . In some sections, the pial surface was interrupted by microscopic extrusions of cells into 1 0 1 8 VOLUME 42 | NUMBER 11 | NOVEMBER 2010 Nature GeNetics l e t t e r s the subarachnoid space, forming heterotopia (Fig. 5e ). Heterotopia were also sometimes found in the intermediate zone, arranged in streaks, particularly in the posterior frontal cortex (Fig. 5f) , corresponding to the localization of subcortical heterotopia seen on MRI. There were also clusters (Fig. 5g) of small round cells in the outer subventricular zone (SVZ) suggestive of progenitor cells. These findings support a proliferative defect in brains of individuals with WDR62 mutations, potentially affecting the outer SVZ (precursors to upper layer cortical neurons) 21 as well as defective neuronal migration, in some ways evocative of the dual roles in proliferation and migration seen for LIS1 22, 23 . Our results suggest that mutations in WDR62 cause microcephaly, simplified gyral pattern, callosal abnormalities and a wide range of additional cortical abnormalities, including polymicrogyria, schizencephaly and subcortical heterotopia. WDR62 lies within the MCPH2 locus [24] [25] [26] , a gene-rich locus that has resisted gene identification for >10 years and appears to be allelic to MCPH2. The remarkable diversity of cortical malformations associated with WDR62 mutation suggests that it acts at a critical hub of human cerebral development.
URLs. 1000 Genomes Project, http://www.1000genomes.org/; UCSC Human Genome Browser, http://genome.ucsc.edu/; Human Splicing Finder Version 2.3, http://www.umd.be/HSF/.
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